Control of Stress-Dependent Cardiac Growth and Gene Expression by a MicroRNA
Eva van Rooij, 1 Lillian B. Sutherland, The heart responds to diverse forms of stress by hypertrophic growth accompanied by fibrosis and eventual diminution of contractility, which results from down-regulation of a-myosin heavy chain (aMHC) and up-regulation of bMHC, the primary contractile proteins of the heart. We found that a cardiac-specific microRNA (miR-208) encoded by an intron of the aMHC gene is required for cardiomyocyte hypertrophy, fibrosis, and expression of bMHC in response to stress and hypothyroidism. Thus, the aMHC gene, in addition to encoding a major cardiac contractile protein, regulates cardiac growth and gene expression in response to stress and hormonal signaling through miR-208. C ardiac contractility depends on the expression of two MHC genes, a and b, which are regulated in an antithetical manner by developmental, physiological, and pathological signals. bMHC, a relatively slow adenosine triphosphatase (ATPase), is the dominant isoform expressed in the embryonic heart, whereas aMHC, a fast ATPase, is up-regulated postnatally (1) . Thyroid hormone (T3) signaling stimulates aMHC and inhibits bMHC transcription after birth (2) . In contrast, hypothyroidism and various forms of cardiac stress increase bMHC expression with consequent diminution in cardiac performance (3) (4) (5) . aMHC is the major adult cardiac isoform in rodents, whereas bMHC is the predominant isoform in adult human hearts and becomes even more abundant during cardiac disease when aMHC is down-regulated (6) (7) (8) (9) . Because even relatively subtle variations in the ratio of aMHC and bMHC can profoundly influence cardiac function, there has been great interest in deciphering the mechanisms that coordinate aMHC and bMHC expression and in strategies to therapeutically manipulate cardiac MHC expression (10) .
MicroRNAs (miRNAs) are small, non-proteincoding RNAs that base pair with specific mRNAs and inhibit translation or promote mRNA degradation (11) . MiRNAs arise from primary transcripts of variable sizes that are processed into 70-to 100-nucleotide hairpin-shaped precursors, which are processed into mature miRNAs of were quantified by real-time polymerase chain reaction (PCR) analysis at the indicated times after treatment with PTU. Expression of the miR-208 pre-miRNA parallels that of aMHC gene expression, whereas the mature miR-208 continues to be expressed even after the disappearance of aMHC mRNA. Values represent mean ± SEM of hearts of four animals at each time point. (E) Transcripts for aMHC and miR-208 were detected by Northern blot of cardiac tissue from six normal individuals and six individuals with idiopathic cardiomyopathy. Indicated aMHC levels were relative to average expression level in normal hearts. There is a close correlation between the level of expression of aMHC and pre-miR-208, whereas mature miR-208 expression is maintained after the latter RNAs have been down-regulated. 18 to 25 nucleotides. MiRNAs that base pair perfectly with target mRNA sequences result in mRNA degradation, whereas those that display imperfect sequence complementarity with target mRNAs generally result in translational inhibition (12) . Overexpression experiments have implicated miRNAs in diverse cellular processes (13) (14) (15) (16) (17) (18) (19) , but to date, there have been no reports of the consequences of deletion of miRNA genes in vertebrate organisms. Recently, we identified a signature pattern of miRNAs associated with pathological cardiac growth and remodeling (19) . Here, we describe miR-208 as an essential cardiac-specific regulator of bMHC expression and mediator of stress and T3 signaling in the heart.
Regulation of miR-208 expression. MiR-208
is encoded by intron 27 of the human and mouse aMHC gene. The sequences of miR-208 found in humans, mice, rats, and dogs are identical and the pre-miRNA is highly conserved in mammals (Fig. 1A) . Consistent with the specific expression of aMHC in the heart and the pulmonary myocardium (20) , miR-208 is expressed specifically in the heart and at trace levels in the lung (Fig. 1B) . Blockade of T3 biosynthesis with propylthiouracil (PTU) represses aMHC and induces bMHC expression (21) . After rats were treated with PTU for one week, the expression of aMHC mRNA declined in parallel with the level of the miR-208 stem loop, whereas mature miR-208 showed little or no change in expression. T3 treatment blocked the effects of PTU on expression of aMHC mRNA and pre-miR-208 ( Fig. 1C and fig. S1A ). A time course of PTU treatment showed that aMHC and pre-miR-208 expression decreased and bMHC increased during the first 9 days of PTU treatment (Fig. 1D and fig. S1 , B and C). Expression of pre-miRNA-208 paralleled aMHC mRNA expression, whereas even after 21 days of PTU treatment, long after aMHC mRNA expression had ceased, 30% of the mature miR-208 remained ( Fig. 1D and fig. S1 , B and C). We infer from the coregulation of pre-miR-208 and the aMHC transcript that miR-208 is processed from the aMHC intron rather than being transcribed as a separate RNA. The sustained expression of miR-208 after the pre-miRNA and aMHC transcripts are down-regulated by PTU suggests that it is extremely stable, with a halflife of >12 days.
Although aMHC mRNA constitutes only about 30% of total MHC mRNA expressed in normal adult human heart (8), miR-208 expression was readily detectable in human cardiac tissue (Fig. 1E ). Consistent with its relatively long half-life, miR-208 was also detectable in idiopathic failing human hearts in which aMHC levels were diminished relative to normal hearts.
Generation of miR-208 mutant mice. We deleted the miR-208 coding region by introducing loxP sites for Cre-mediated recombination at both ends of an 83-base pair (bp) region of intron 27 of the mouse aMHC gene, which encodes the complete pre-miRNA sequence of miR-208 ( Fig. 2A and fig. S2A ). Breeding of miR-208 loxP/+ mice to mice bearing a ubiquitously expressed Cre recombinase transgene resulted in deletion of the miR-208 genomic sequence and the complete absence of miR-208 in homozygous mutant animals ( Fig. 2B and fig.  S2B ). Disruption of the aMHC gene causes early embryonic lethality (22) . Thus, it was important that the miR-208 targeting strategy not alter aMHC transcription or splicing. Deletion of miR-208 did not interfere with aMHC mRNA splicing or alter the expression of aMHC or bMHC proteins in hearts of newborn mice ( Fig.  2C and fig. S2 , C and D). A Western blot using an antibody against all striated myosins indicated no visible differences between wild-type and miR-208 mutant animals ( fig. S3A ).
Mice homozygous for the miR-208 deletion were viable and did not display obvious abnormalities in size, shape, or structure of the heart up to 20 weeks of age. Analysis of cardiac function by echocardiography showed a slight reduction in contractility, measured by fractional shortening, in miR-208 −/− animals compared with the contractility of wild-type littermates at 2 months of age, which was attributable primarily to an increase in left ventricular diameter during systole ( fig. S3B ). At advanced age (>6 months), cardiac function declined further in mutant animals as a result of abnormalities in sarcomere structure.
Microarray analysis on hearts from wild-type and miR-208 −/− animals at 2 months of age revealed that the removal of miR-208 resulted in pronounced expression of fast skeletal muscle contractile protein genes, including those encoding Troponin I2, Troponin T3, and myosin light chain-alkali, which are normally not expressed in the heart. Transcripts encoding the natriuretic peptides atrial natriuretic factor (ANF) and b-type natriuretic peptide (BNP), and heat shock proteins, which serve as markers of cardiac stress, were also up-regulated in the hearts of miR-208 −/− animals ( fig. S3, C and D, and table S1 ). None of the up-regulated transcripts contained predicted target sequences for miR-208, suggesting that they are regulated indirectly by miR-208.
MiR-208 regulates bMHC expression and cardiac remodeling. To further investigate the potential functions of miR-208, we compared the response of wild-type and miR-208 mutant mice to thoracic aortic banding (TAB), which induces cardiac hypertrophy by increased afterload on the heart and is accompanied by down-regulation of aMHC and up-regulation of bMHC (23) . aMHC mRNA expression declined as expected after TAB ( fig. S4A ), but miR-208 was still abundantly expressed 21 days after TAB ( fig. S4B ), consistent with its relatively long half-life.
In response to TAB, wild-type mice showed a pronounced increase in cardiac mass accompanied by hypertrophic growth of cardiomyocytes (Fig. 3A) . In contrast, miR-208 mutant animals showed virtually no hypertrophy of cardiomyocytes or fibrosis in response to TAB (Fig. 3A) . Echocardiography confirmed that miR-208 −/− animals displayed a blunted hypertrophic response and a reduction in contractility ( fig. S4C ). Most notably, mutant animals were unable to up-regulate bMHC. Instead, aMHC protein expression increased in miR-208 mutant hearts in response to TAB, which may reflect a compensatory mechanism to maintain MHC expression in the absence of bMHC up-regulation. Other stress-responsive genes, such as those encoding the natriuretic peptides ANF and BNP, were strongly induced in miR-208 mutant animals (Fig. 3, B and C) . Microarray analysis on hearts from wild-type and miR-208 −/− animals confirmed that the absence of miR-208 resulted in a highly specific block to bMHC expression (table S2) .
MiR-208 −/− mice were also resistant to fibrosis and cardiomyocyte hypertrophy in response to transgenic expression of activated calcineurin (Fig. 3D) , an especially powerful stimulus for cardiac hypertrophy and heart failure (24) . Similarly, bMHC mRNA and protein failed to be up-regulated in hearts of miR-208
;calcineurin transgene mice at 6 weeks of age, whereas ANF and BNP were strongly induced (Fig. 3, E and  F) . Thus, miR-208 is necessary for up-regulation of bMHC and cellular remodeling, but not for expression of other markers of cardiac stress.
To test whether miR-208 was sufficient for upregulation of bMHC expression, we generated transgenic mice that overexpressed miR-208 under control of the aMHC promoter. aMHCmiR-208 transgenic mice were viable, and their miR-208 expression was about three times as high as that of wild-type hearts ( fig. S4D ). Hearts from a transgenic line representing the average over- expression of the transgene showed no overt signs of pathological remodeling at 2 months of age but, notably, displayed a marked up-regulation of bMHC expression (Fig. 3G and fig. S4E ). This activity of miR-208 was specific, as shown by transgenic overexpression of miR-214, which is induced during cardiac hypertrophy (19) , but had no effect on bMHC expression. Because the endogenous level of miR-208 in the adult mouse heart is insufficient to up-regulate bMHC expression, the finding that a threefold increase in miR-208 expression in these transgenic mice results in up-regulation of bMHC expression suggests that there is a sharp threshold for the control of bMHC expression by this microRNA.
MiR-208 regulates T3-dependent repression of bMHC. T3 signaling induces aMHC transcription through a positive T3 response element (TRE), whereas a negative TRE in the promoter of the bMHC gene mediates transcriptional repression (25) . To test whether miR-208 was required for T3-dependent regulation of bMHC, we fed mutant and wild-type littermates PTUcontaining chow for 2 weeks to block T3 signaling. Northern blot analysis verified that miR-208 was abundantly present after 2 weeks of PTU treatment ( fig. S5A) . PTU, as expected, induced a decline in heart rate and contractility and an increase in dilation, with no marked differences between wild-type and mutant animals ( fig. S5B) . However, whereas wild-type animals showed the expected decrease in aMHC and increase in bMHC in response to PTU, the miR-208 −/− animals again appeared resistant to up-regulation of bMHC, although a trace of bMHC expression was detectable (Fig. 4) . ANF and BNP were up-regulated by PTU in miR-208 −/− animals, confirming the specific role of miR-208 in bMHC expression ( fig. S5C ). Because PTU induces the aMHC-to-bMHC isoform switch by interfering solely with thyroid hormone receptor (TR) signaling (21), these findings suggest that miR-208 potentiates bMHC expression through a mechanism involving the TR.
MiR-208 targets TR-Associated Protein 1.
Among the relatively few predicted targets of miR-208, the mRNA encoding thyroid hormone receptor Associated Protein 1 (THRAP1), also known as TRAP240, scored as the strongest predicted target with the PicTar target-prediction program (26) . THRAP1, a component of the TR-associated TRAP complex, modulates activity of the TR by recruitment of RNA polymerase II and general initiation factors (27) . The putative miR-208 binding site in the 3′ untranslated region (UTR) of the THRAP1 mRNA showed high complementarity with the 5′ arm of miR-208, the most critical determinant of miRNA targeting, as well as evolutionary conservation (Fig. 5A) . Based on the imperfect complementarity of miR-208 and THRAP1 3′-UTR sequence, miR-208 would be expected to inhibit translation of THRAP1.
To test whether the putative miR-208 target sequence in the THRAP1 3′ UTR could mediate translational repression, we inserted the full length 3′ UTR of the THRAP1 transcript into a luciferase expression plasmid, which we transfected into COS1 cells. Increasing amounts of CMVdriven miR-208 resulted in a dose-dependent decrease in luciferase activity, whereas comparable amounts of miR-126, which served as a control, had no effect (Fig. 5B) . CMV-miR-208 also dose-dependently abrogated translation of a hemagglutinin (HA)-tagged malonyl coenzyme A decarboxylase (MCD) expression cassette linked to the THRAP1 3′-UTR binding sequence, but not a mutant miR-208 target sequence (Fig.  5C ). In addition, THRAP1 protein expression was increased in cardiac protein lysates from miR-208 −/− mice compared with that in wild-type littermates (Fig. 5D) , whereas THRAP1 mRNA was comparable in hearts of the two genotypes ( fig. S6) , consistent with the conclusion that miR-208 acts as a negative regulator of THRAP1 translation in vivo. Under situations of stress, the negative influence of miR-208 on THRAP1 protein expression may be even greater, in light of recent studies showing that stress augments repressive actions of miRNAs by promoting the association of miRNAs with Argonaute (28) .
Discussion. Our results demonstrate that miR-208, which is encoded by an intron of the aMHC gene, regulates stress-dependent cardiomyocyte growth and gene expression. In the absence of miR-208, the expression of bMHC is severely blunted in the adult heart in response to pressure overload, activated calcineurin, or hypothyroidism, suggesting that the pathways through which these stimuli induce bMHC transcription share a common miR-208-sensitive component (Fig. 6 ). In contrast, bMHC expression was unaltered in the hearts of newborn miR-208 −/− mice, demonstrating that miR-208 participates specifically in the mechanism for stress-dependent regulation of bMHC expression.
A clue to the mechanism of action of miR-208 comes from the resemblance of miR-208 −/− hearts to hyperthyroid hearts, both of which display a block to bMHC expression, up-regulation of stress-response genes (29, 30) , and protection against pathological hypertrophy and fibrosis (31, 32) . The up-regulation of fast skeletal muscle genes in miR-208 −/− hearts also mimics the induction of fast skeletal muscle fibers in the hyperthyroid state (33) . T3 signaling represses bMHC expression in the postnatal heart, and PTU, which causes hypothyroidism, induces bMHC (2, 21). The inability of PTU to induce bMHC expression in miR-208 −/− hearts further implicates miR-208 in the T3 signaling pathway.
Our results suggest that miR-208 acts, at least in part, by repressing expression of the TR coregulator THRAP1, which can exert positive and negative effects on transcription (34, 35) . The TR acts through a negative TRE to repress bMHC expression in the adult heart (2). Thus, the increase in THRAP1 expression in the absence of miR-208 would be predicted to enhance the repressive activity of the TR toward bMHC expression, consistent with the blockade to bMHC expression in miR-208 −/− hearts. In contrast, the regulation of aMHC and bMHC expression during development is independent of T3 signaling (2) and is unaffected by miR-208. Notably, other TR target genes, such as phospholamban and sarco(endo) plasmic reticulum calcium ATPase 2a and glucose transporter 4 were expressed normally in miR-208 −/− mice ( fig. S7 ). It has been proposed that the bMHC gene may respond to specific TR isoforms (36) (37) (38) . Perhaps THRAP1 acts on specific TR isoforms or selectively on a subset of TR-dependent genes through interactions with promoter-specific factors. Because miRNAs generally act through multiple downstream targets to exert their effects, additional targets are also likely to contribute to the effects of miR-208 on cardiac growth and gene expression.
Relatively minor increases in bMHC composition, as occur during cardiac hypertrophy and heart failure, can reduce myofibrillar ATPase activity and systolic function (9) . Thus, therapeutic manipulation of miR-208 expression or interaction with its mRNA targets could potentially enhance cardiac function by suppressing bMHC expression. Based on the profound influence of miR-208 on the cardiac stress response, and the regulation of numerous miRNAs in the diseased heart (19), we anticipate that miRNAs will prove to be key regulators of the functions and responses to disease of the adult heart and possibly other organs.
T he real-world success of quantum computation (1, 2) and communication (3) (4) (5) (6) (7) (8) (9) relies on the longevity of entanglement in multiparticle quantum states. The presence of decoherence (10) in communication channels and computing devices, which stems from the unavoidable interaction between these systems and the environment, degrades the entanglement when the particles propagate or the computation evolves. Decoherence leads to local dynamics, associated with single-particle dissipation, diffusion, and decay, as well as to global dynamics, which may provoke the disappearance of entanglement at a finite time (11) (12) (13) (14) (15) . This phenomenon, known as "entanglement sudden death" (15) , is strikingly different from singleparticle dynamics, which occurs asymptotically, and has thus stimulated much recent theoretical work (11) (12) (13) (14) (15) ). Here we demonstrate the sudden death of entanglement of a two-qubit system under the influence of independent environ-
